In previous work the existence of free thyroxine in human serum was verified by dialysis through cellophane; the concentration of the unbound hormone in normal human serum was found to approximate one-thousandth of the total thyroxine (1) . This direct measurement of free thyroxine was in reasonable agreement with the theoretical value computed from data on the per cent of total thyroxine bound to albumin in serum and from the binding constants for the interaction between thyroxine and human serum albumin (2, 3) . This theoretical value of expected free thyroxine concentration was in accordance with the earlier calculations of Robbins and Rall (4), based upon Lein's equilibrium dialysis studies of the interaction between thyroxine and bovine serum albumin (5) .
Recent studies of the binding of thyroxine by albumin in our own (6) and in other laboratories (7) (8) (9) (10) (11) have indicated the existence of a single strong binding site on the protein molecule rather than a primary class of four equal binding loci, as originally proposed (2, 3) . The data, to be reported separately in detail (6) , suggest that the albumin molecule possesses a single strong binding site with an association constant approximating 500,000, a secondary class of three or four sites of intermediate affinity for thyroxine, and a tertiary class of many weaker sites. This conceptual revision does not necessitate appreciable alteration' of the calculations of expected concentration of free thyroxine in serum (1, 3) . There are approximately 10,000 albumin molecules to one of thyroxine in human serum. Under these circumstances of low thyroxine to albumin ratio (i.e., at theoretical thyroxine: albumin ratios approaching zero), the original model of a primary class of four equal loci with association constants of 110,-000 (2) should bind about the same amount of thyroxine as a single site with an association constant approximating 500,000. Moreover, the current model does not affect the comparative position of thyroxine in relation to binding of other small molecules. Thus, albumin binds thyroxine somewhat more tightly than it binds the anionic dye. methyl orange (12) , or tryptophan (13) but much less tightly than it binds the free fatty acids of serum (14) .
The present report describes investigation of the features of the molecular structure of thyroxine requisite for firm binding by albumin. Equilibrium dialysis studies of the interaction between human serum albumin and IP3"-labeled thyroxine were carried out in the presence and in the absence of various nonradioactive compounds as competing ligands.
Materials and Methods
The I'3'labeled thyroxine' used in this study was stabilized with cysteine in a propylene glycol solution. The material was subjected to descending chromatography as previously described (3) and discarded if the iodide contamination exceeded 5%. The sources of the nonradioactive thyroxine, its analogues, and various other compounds used in competition studies are given in the Appendix.
Equilibrium dialysis method. The equilibrium dialysis procedure was the same as that previously described in detail (2, 3) , except as noted in the following abbreviated account. The 0.1 g per 100 ml (1.45 X 10-5 The data on fraction bound were then employed to obtain binding constants as described by Scatchard (15) (16) (17) . The symbols for the Scatchard (Figures 1 and 2) . The extrapolations to the axes were employed to obtain binding constants. With increasing thyroxine concentration, binding sites are saturated; the intercept on the P axis is n, the maximal number of binding sites. The intercept on the i/A axis is kn, as can be seen from the equation where the expression kP drops out as P approaches zero and P/A approaches kn.
Recent studies to be reported separately (6) include additional points to the left of any illustrated in Figures 1 and 2, i.e., total thyroxine concentrations below 6.45 X 10-6 M equilibrated with 0.1 g per 100 ml albumin solutions (1.45 X 10-5 M) within the dialysis bags. The additional points revealed an undoubted upward swing of the curve quite close to the ordinate. This deviation from linearity is interpreted by us to be due to the existence of a single strong binding site rather than to apparent minute but quantitatively insignificant contamination with thyroxinebinding alpha globulin (TBG) (6) .
Most of the work presently reported antedated these observations in our laboratory. Therefore, all Scatchard plots have been handled in conformity with the original interpretation of a single class of four binding loci with k-1 X 105. The observations and interpretations are not invalidated by the revised model of the thyroxinealbumin interaction (cf. below and Discussion).
The only significant departure from the previous description (2, 3) Results 1) Compounds zutth a single aromatic ring. In contrast with the value of 100,000 for thyroxine. the calculated association constants for the compounds with a single aromatic ring were below 1,000 with two exceptions (Table I ). The only values over 1,000 were observed with 2,4-dinitrophenol and salicylate, two compounds that have previously been shown to displace thyroxine from its binding by prealbumin (19, 20) . Diiodotyrosine, with reactive groups similar to those of thyroxine, was found to be very weakly bound. It was inferred, therefore, that the diphenyl ether (thyronine) structure is essential for firm binding.
2) The effect of alterations in the iodine substituents. Table II lists the results of studies of some derivatives that possess the thyronine nucleus but lack one or more of the four iodine atoms of thyroxine. The propionic acid derivative of triiodothyronine was bound more firmly than triiodothyronine itself. Tetrachlorthyronine, with chlorine in place of iodine atoms, was found to have an association constant only one-ninth that of thyroxine. The nitro derivatives were even more weakly bound. Thyronine derivatives with two. one, and no iodine atoms revealed progressively weaker binding; the very low association constant for thyronine, being less than 1,000, was the lowest for any compound with the thyronine nucleus. It was, therefore, concluded that not only is the thyronine nucleus essential for firm binding by albumin, but also it must be halogenated, and optimal interaction requires the tetraiodinated compound.
3) Importance of the various reactive groups of thyroxine. To evaluate the various reactive groups of the thyroxine molecule, a special series of thyroxine analogues was examined in competition studies (Table III) . The importance of the dissociable hydroxyl (phenolate) group in the interaction was explored by using a compound with a nonionizable substituted group, namely, the 0-methyl ether of thyroxine (methoxy-thyroxine), studied as a competing ligand. The methyl ether derivative had an association constant approximating 10,000 or only one-tenth that of thyroxine. The replacement of the hydroxyl group by a methyl ether represents an alteration of structure that could have effects in addition to the elimination of the charged group. Nevertheless, the inference regarding the significance of this anionic hydroxyl group in binding is consistent with conclusions advanced previously, based upon the comparative behavior of thyroxine and triiodothyronine (2, 3). At pH 7.4 triiodothyronine had approximately one-tenth as great an association constant as thyroxine. This behavior by triiodothyronine was attributed to one-tenth as great an extent of ionization of the phenolic hydroxyl group, 8%o (pK' of 8.45), as compared with 82%o for thyroxine (pK' of 6.73). However, at pH 8.6, with greater dissociation of the hydroxyl group, triiodothyronine was found to be more firmly bound by albumin than at pH 7.4 (2, 3, 6) .
Modifications of the alanine side chain resulted in variable reductions in affinity. The decarboxylated derivative, thyroxamine, was found to have a low association constant, which suggests that the carboxyl group has an important role in binding. The limited solubility of thyroxamine made studies with it difficult, and the data obtained must be considered approximate values. Tetraiodothyropropionic acid, which differs from thyroxine only in lacking the -NH2 group, showed a rela- L-Thyroxine (or D-thyroxine) 100,000 500,000
15,000. Due to limited solubility, the value obtained must be regarded as an approximation. It was concluded that in addition to the previously reported interaction (2, 3) between the anionic phenolate group of thyroxine and cationic groups on the protein molecule, there is an additional interaction of the carboxyl group of the alanine side chain.
Discussion
The values presented as association constants for the compounds tested should be regarded as having relative rather than absolute quantitative significance, since the computations assumed competition for a single class of four equivalent thyroxine-binding loci on the albumin molecule. The present view of a single strong site, and a secondary class of three or four sites of intermediate affinity for thyroxine, would require some revision of computations and experimental design as well, for absolute rather than relative kB values. Adjusted kB values ("true" kB values) are given in the tables, based upon repetition of the competition studies with three selected readily available analogues, one for each table. The compounds, L-tryptophan, 3,5,3'-triiodo-L-thyronine, and tetraiodothyropropionic acid, were selected as representative of the groups in Tables I, II, and III, respectively, and the studies were repeated employing three additional thyroxine concentrations below 6.45 X 106 M. The association constants computed employing the current model of a single binding site yielded a mean value approximately twice the results previously obtained. Consequently, it was considered reasonable to append the column of "true" kB values, the detailed evidence for which is to be reported separately (6) . In any case, the precise absolute values of the association constants should not affect the interpretations regarding the structural characteristics of the thyroxine molecule requisite for firm binding by albumin.
The competition studies described above concern only the interaction of thyroxine with its specific binding sites on the protein molecule; it is entirely possible that some of the compounds tested might be bound by albumin at other loci. Some error could theoretically be introduced on this account if the amount of nonradioactive competitor bound at other sites were to diminish the concentration of the unbound ligand appreciably. In actuality, the error so introduced should usually be small in magnitude, as exemplified by the triiodothyronine association constant obtained by the present method compared with direct measurements employing I131-labeled triiodothyronine (2, 3, 6) . Nevertheless, this uncertainty imposes a limitation upon the information available from studies with nonradioactive competing ligands. This may be exemplified by the findings with I11-labeled tetraiodothyropropionic acid, which have shown it to be more rather than slightly less firmly bound than thyroxine (11, 6) . This may well be due to the firm binding of the propionic acid derivative at loci on the albumin molecule that are weaker binding sites for thyroxine (6) . Such an interpretation suggests that the amino group of thyroxine may actually tend to inhibit binding at some loci, a concept compatible with our hypothesis of the role of cationic groups in the binding loci on the albumin molecule videe infra).
Analogous results with the present competition studies are evident in Table II , which shows the propionic acid derivative of triiodothyronine more firmly bound than triiodothyronine itself.
The evidence presented indicates the following characteristics of the thyroxine molecule as being essential to its firm binding by albumin: 1) the diphenyl ether (thyronine) structure, 2) the iodine atoms with an optimal number of four, 3) the dissociated (anionic) phenolic hydroxyl group, and 4I) the alanine side chain, and particularly its carboxyl group.
The specific sites on albumin where thyroxine is bound are not known, nor are the loci yet determined for most of the small molecules bound by albumin. Tryptophan (13) has been shown to interact with the N-terminal aspartic acid residue of albumin that is part of its single site of binding. No information has been provided regarding the loci at which albumin binds free fatty acids; a primary class of two binding sites for the fatty acids was reported by Goodman (14) with secondary and tertiary classes of loci as well. It was previously shown in our laboratory (3) that removal of the free fatty acids by iso6ctane extraction of human serum albumin resulted in no alteration in the number of primary binding sites for thyroxine, since n remained the same. A somewhat higher association constant was observed when isocctane-extracted albumin was compared with the starting material; addition of 2 moles of palmitate per mole of protein resulted in a curve indistinguishable from the original.
Our previous report (3) suggested that the epsilon amino groups of lysine residues of albumin may be important in the interaction. At very strongly alkaline reaction (pH 10.9 and 11.2) at which the free amino groups of the protein lose protons, the binding was found to be markedly reduced. Blocking of the free amino groups by acetylation also resulted in marked diminution of the binding. From this information, it was inferred that an interaction occurred between the dissociated (anionic) phenolic hydroxyl group of thyroxine and cationic groups on the protein molecule, probably epsilon amino groups of lysine residues. However, this specific hypothesis cannot be considered proven, since the loss of protons or the acetylation of free amino groups would cause the protein molecule to have a greater net negative charge. The reduction of affinity between a more negatively charged protein molecule and the thyroxine anion could be conceived without any necessary inference regarding free amino groups as loci.
Conceding that the role of lysine residues is provisional rather than established, one must view the question in the context of available information that albumin possesses approximately 55 lysine residues per molecule (21) . A priori there is nothing that points to any particular individual free cationic groups. In the light of the present evidence, one may speculate that the loci concerned actually include a pair of free cationic groups, possibly lysyl epsilon amino groups-one each interacting with the phenolate and carboxyl groups of thyroxine. Intervening between the cationic groups, one may suppose a specific amino acid sequence, which could include aromatic amino acids with hydrogen bonding or van der Waals attraction for the iodinated diphenyl ether structure of thyroxine. Although various models of an albumin-binding locus may be considered, further studies will be required for verification of the hypotheses. Summary 1. Equilibrium dialysis studies of the binding of thyroxine by human serum albumin have been undertaken to investigate the features of the molecular structure of thyroxine necessary for the interaction. Competition studies were carried out to observe the diminution in the binding of I's'-labeled thyroxine caused by the addition of various nonradioactive compounds.
2. The diphenyl ether (thyronine) structure was found to be essential in view of the weak interaction of albumin with all compounds containing a single aromatic ring.
3. The presence of four iodine atoms was optimal for binding, as established by studies revealing weaker binding where iodine atoms were lacking or replaced by other groups. 4 . In addition to the requirement of the dissociated (anionic) phenolic hydroxyl group of thyroxine, the alanine side chain, and particularly its carboxyl group, were found to be essential for the firmest binding.
5. In the binding of thyroxine, it is considered likely that cationic groups on the albumin molecule may interact with the phenolate group of thyroxine and also with the carboxyl group of its alanine side chain. The strongest interaction requires the thyronine structure with appropriately situated iodine atoms, thus indicating highly specific albumin-binding sites.
